The Zhada basin is a large Neogene extensional sag basin in the Tethyan Himalaya of southwestern Tibet. In this paper we examine environmental changes in the Zhada basin using sequence stratigraphy, isotope stratigraphy, and lithostratigraphy. Sequence stratigraphy reveals a long-term tectonic signal in the formation and fi lling of the Zhada basin, as well as higher-frequency cycles, which we attribute to Milankovitch forcing. The record of Milankovitch cycles in the Zhada basin implies that global climate drove lake and wetland expansion and contraction in the southern Tibetan Plateau from the Late Miocene to the Pleistocene. Sequence stratigraphy shows that the Zhada basin evolved from an overfi lled to underfi lled basin, but continued evolution was truncated by an abrupt return to fl uvial conditions. Isotope stratigraphy shows distinct drying cycles, particularly during times when the basin was underfi lled.
INTRODUCTION
Uplift of the Tibetan Plateau has long been viewed as a major forcing factor in regional and global climate change (e.g., Raymo and Ruddiman, 1992; Molnar et al., 1993; France-Lanord and Derry, 1994; Ruddiman et al., 1997; An et al., 2001; Abe et al., 2005; Molnar, 2005) . Uplift is also thought to have directly driven environmental change on the Tibetan Plateau (e.g., Liu, 1981a; Zhang et al., 1981; Wang et al., 2006) . However, recent work suggests that global climate change drives climate and environmental change on the Tibetan Plateau (e.g., Dupont-Nivet et al., 2007) . Moreover, uplift histories of the Tibetan Plateau based on faunal or fl oral associations differ signifi cantly from those based on stable isotope and other quantitative paleoelevation studies. Paleofl oral assemblages from Pleistocene deposits on the Tibetan Plateau are similar to modern fl oral assemblages at low elevations (e.g., Axelrod, 1981; Xu, 1981; Zhang et al., 1981; Zhou, 2001a, 2001b; Molnar, 2005; Wang et al., 2006) and are used to argue for plateau uplift of at least 1 km since the Late Miocene. A similar argument is based on the abundance of mammal megafauna on the Tibetan Plateau in the Late Miocene-Pliocene and their relative paucity now (e.g., Cao et al., 1981; Zhang et al., 1981; Li and Li, 1990; Meng et al., 2004; Y. Wang et al., 2008a) . In contrast, other lines of evidence indicate that the southern Tibetan Plateau has been at high elevations since at least the Middle Miocene (Garzione et al., 2000a; Rowley et al., 2001; Spicer et al., 2003; Currie et al., 2005; Saylor et al., 2009 ) and central Tibetan Plateau since at least the Oligocene (Cyr et al., 2005; Graham et al., 2005; Rowley and Currie, 2006; DeCelles et al., 2007; Dupont-Nivet et al., 2008) . These paleoelevation studies also show that uplift predated widespread Late Miocene climate change (see Molnar, 2005 , for a summary of evidence for Late Miocene climate change). These studies call into question the direct link between uplift and environmental change on the Tibetan Plateau.
The environmental effects of tectonics and climate change can best be addressed in basins that contain all of the proxies mentioned above: pollen, leaf fossils, mammal fossils, and carbonates used in stable isotope studies. A case in point is the Zhada basin in southwestern Tibet. However, the lack of a coherent, comprehensive basin analysis integrating all the paleoenvironmental proxies has hampered efforts to untangle the climatic and tectonic signals in the Zhada record. The Zhada Formation is described as both upward fi ning (Zhang et al., 1981; Zhou et al., 2000; Li and Zhou, 2001b) and capped by boulder conglomerates Zhu et al., 2007) . There is similarly little consensus regarding the basin's tectonic origin. The Zhada basin is presented as having developed in the hanging wall of the low-angle South Tibetan detachment system or as a half-graben produced in response to arc-normal extension S.F. Wang et al., 2008a) . It is also proposed to be a fl exural basin responding to arc-perpendicular compression . The presence of capping boulder conglomerates has led to the suggestion that the basin was recently uplifted . Until recently, the Zhada basin was understood to have been at low elevations until as late as the Pleistocene (e.g., Zhang et al., 1981; Li and Zhou, 2001a; Zhu et al., 2004) .
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REGIONAL GEOLOGICAL SETTING
The Zhada basin is the largest late Cenozoic sedimentary basin in the Himalaya. It is located just north of the high Himalayan ridge crest in the western part of the orogen (~32°N, 82°E; Fig. 1A ). The basin is at least 150 km long and 60 km wide, and the current outcrop extent of the basin fi ll is at least 9000 km 2 (Fig. 1B) . The Zhada basin is located in a zone of active arc-parallel extension (Ni and Barazangi, 1985; Zhang et al., 2000; Murphy et al., 2002; Thiede et al., 2006; Valli et al., 2007; Murphy et al., 2009) . It is bounded by the South Tibetan detachment system to the southwest, the Indus suture to the northeast, and the Leo Pargil and Gurla Mandhata gneiss domes to the northwest and southeast, respectively (Fig. 1B) . The role of each of these structures in the development of the Zhada basin is an area of ongoing research. The South Tibetan detachment system is a series of north-dipping, low-angle, top-to-the-north normal faults that place low-grade metasedimentary rocks of the Tethyan sequence on high-grade gneisses and granites of the Greater Himalayan sequence. Along strike, both to the east and west, ages for movement on the South Tibetan detachment system range from 21 to 12 Ma (Hodges et al., 1992 (Hodges et al., , 1996 Noble and Searle, 1995; Searle et al., 1997; Murphy and Harrison, 1999; Searle and Godin, 2003; Cottle et al., 2007) . To the northeast of the Zhada basin, the Oligocene-Miocene Great Counter thrust, a south-dipping, top-to-the-north thrust system, cuts the Indus suture (e.g., Gansser, 1964; Yin et al., 1999; Murphy and Yin, 2003) . Exhumation of the Leo Pargil and Gurla Mandhata gneiss domes (Fig. 1B) by normal faulting began 9-10 Ma Murphy et al., 2002; Thiede et al., 2006) and continues today.
The Zhada Formation occupies the Zhada basin and consists of >800 m of fl uvial, lacustrine, eolian, and alluvial fan deposits. The sedimentary basin fi ll is undisturbed and forms an angular or buttress unconformity with underlying Tethyan sequence strata that were previously shortened in the Himalayan fold-thrust belt (Saylor, 2008) . The Zhada Formation is capped by a geomorphic surface that extends across the basin and is interpreted as a paleodepositional plain that marks the maximum extent of sediment aggradation prior to integration of the modern Sutlej River drainage network. After deposition, the basin was incised to basement by the Sutlej River, exposing the complete thickness of the Zhada Formation. The best estimate for the age of the Zhada Formation is between ca. 9.2 and after 1 Ma, based on vertebrate fossils and magnetostratigraphy ( Fig. 2 ) (Lourens et al., 2004; S.F. Wang et al., 2008b; Saylor et al., 2009 ).
METHODS

Sedimentology
We measured 14 stratigraphic sections spanning the basin extent from the Zhada county seat in the southeast to the Leo Pargil Range front in the northwest (Fig. 1B) . Sections were measured at centimeter scale.
Correlations
The geomorphic surface that caps the Zhada Formation is correlative across the basin, and provides the datum for sequence stratigraphic and lithologic correlation. Correlations are based on major stratigraphic members that can be physically traced (Saylor, 2008) . Magnetostratigraphy linking the South Zhada, Southeast Zhada, and East Zhada sections provides additional constraints. A fi nal independent constraint is the switch from exclusively C 3 to mixed C 3 and C 4 vegetation that is observed between 130 and 230 m in the South Zhada section and at ~300 m in the East Zhada section ). The expansion of C 4 vegetation is observed across the Indian subcontinent and southern Tibet ca. 7 Ma (Quade et al., 1989 (Quade et al., , 1995 France-Lanord and Derry, 1994; Garzione et al., 2000a; Ojha et al., 2000; Wang et al., 2006) .
Frequency Analysis of Zhada Formation Cycles
The sedimentological record of the Zhada Formation archives the cyclical expansion and contraction of a large paleolake. Frequency analysis was conducted by spectral analysis and also by calculation of the average duration of cycles. In order to apply spectral analysis to this record, a waveform was created by assigning numerical values to each of the depositional environments as follows: 5-fl uvial and alluvial fan associations; 4-supralittoral associations; 3-littoral associations; 2 or 1-profundal associations, based on the presence or absence of terrestrial clastic or plant material, respectively. Depositional environments in the South Zhada measured section were identifi ed at 0.5 m increments or where the depositional environment changed. The series was converted from the depth domain to the time domain by linear interpolation between magnetostratigraphic tie points, justifi ed by the generally linear subsidence/sediment accumulation rates (Saylor, 2008) . The assumption of a linear sediment accumulation rate likely breaks down at short time scales, implying that interpretation of cycles <100 k.y. must await a more fi nely tuned basin chronology. The result is a clipped waveform with uneven sample spacing and temporal resolution better than 4 k.y. (Fig. 3 ; Supplemental Table 1   1 ). Progradation of basin margin depositional environments leads to waveform saturation and loss of resolution at ages younger than 3.3 Ma. In order to evaluate the effect of this saturation on spectral analysis, both the 5.23-2.581 Ma and the 5.23-3.3 Ma intervals were analyzed (labeled "Entire Series" and "Short Series," respectively, in Fig. 3) .
The Lomb-Scargle Fourier transform method was applied using the SPECTRUM program, which allows analysis of unevenly spaced time series without interpolation (Schulz and Stattegger, 1997) . We conducted univariate autospectral analysis (Welch method) to determine the dominant frequencies in the record. We also conducted harmonic analysis using Siegel's test to discriminate periodic components from noise in the Zhada record. Cross-spectral analysis was used to determine the coherence between the Zhada record and the record of summer insolation for 65°N . (Dansgaard, 1954 (Dansgaard, , 1964 Rozan- ski et al., 1993; Garzione et al., 2000b; Poage and Chamberlain, 2001; Rowley et al., 2001; Rowley and Garzione, 2007 (Lemeille et al., 1983; Bonadonna et al., 1999; Leng et al., 1999) . The δ 13 C DIC value is controlled primarily by the residence time of water and secondarily by factors including the local vegetation and substrate. The δ 13 C DIC value of surface water is increased by photosynthesis or equilibration with the atmosphere (Talbot, 1990; Li and Ku, 1997) . Particularly in productive lakes, increased water residence time increases the δ 13 C DIC value. Thus, both δ 13 C cc and δ
Stable Isotopes
18
O cc values of gastropod shells are useful in reconstructing paleohydrologic and paleoenvironmental conditions (e.g., Abell and Williams, 1989; Purton and Brasier, 1997; Haile michael et al., 2002; Smith et al., 2004) .
Fossil gastropod shell fragments and intact shells were collected from fl uvial, marshy, and lacustrine intervals from the lower ~650 m in 2 measured sections. Shells were powdered and homogenized prior to analysis. To check for preservation of biogenic aragonite, 12 representative gastropod samples from fl uvial, lacustrine, and marshy intervals were powdered and analyzed using the University of Arizona's D8 Advance Bruker X-ray powder diffractometer ).
We measured δ
O cc and δ
13
C cc values using an automated carbonate preparation device (KIEL-III) coupled to a gas-ratio mass spectrometer (Finnigan MAT 252). Powdered samples were reacted with dehydrated phosphoric acid under vacuum at 70 °C. The isotope ratio measurement is calibrated based on repeated measurements of NBS-19 and NBS-18 and precision is ±0.1‰ for δ 18 O and ±0.06‰ for δ 13 C (1σ).
RESULTS
Sedimentology
We identify 14 lithofacies associations and fi ve depositional-environment associations based on lithology, texture, and sedimentary structures (Supplemental Table 2 2 ). Unless otherwise indicated, all deposits are laterally continuous for hundreds of meters to several kilometers. Only abbreviated descriptions and interpretations are presented here (for details, see Saylor, 2008) .
Depositional Cycles in the Zhada Formation
Deposits in the Zhada Formation occur in two types of cycles that mark periods of lake or wetland expansion and contraction. The bulk of a typical type A cycle (Figs. 4A and 5A) consists of a 1-10-m-thick unit of fl uvial or alluvial fan sandstone or conglomerate (lithofacies association F1 or rarely A1-A4) with an erosional base, no grain-size trend, and a capping, upwardfi ning sandstone bed (lithofacies association F2 or occasionally S1). This is overlain by an organic-rich, fi ne-grained unit that contains convoluted bedding (lithofacies association F3).
An idealized type B cycle (Figs. 4B, 5B, and 5C) is characterized by an upward-coarsening succession of, in ascending order, fossil-rich siltstone (lithofacies association L1), laminated or massive siltstone or sandy turbidites (lithofacies association P1-P2), rippled and cross-stratifi ed sandstone (lithofacies association L2), sandstone containing planar, trough, or climbing-ripple cross-stratifi cation (lithofacies association F2 or S1-S3), and conglomerate beds (lithofacies associations A1-A4 or F1). The uppermost sandstone beds have both erosional and gradational basal surfaces. The basal surface of the capping conglomeratic unit is either erosional or marked by soft-sediment deformation. Organic-rich convoluted siltstone (lithofacies association F3) can occur at any point within the capping sandstone or conglomerate succession. In all cases, the boundary between the fl uvial or alluvial fan association and littoral or profundal association is abrupt, while the transition from the profundal association to the fl uvial or alluvial fan association is gradational, indicating a rapid transgression followed by gradual progradation. Parts of both type A and type B cycles may be missing from the idealized version depicted in Figure 4 .
Correlations
Type A and type B cycles stack in predictable patterns within a larger sequence stratigraphic hierarchy (Fig. 6) . Because of the diffi culty of establishing a hierarchy of continental sequences based on sequence duration as determined in marine sequences (e.g., Vail et al., 1991) , we follow Catuneanu (2006) (Fig. 7) . Four second-order sequences are evident above the cycles described above. Nomenclature used identifi es sequence order, systems tract or bounding surface, and stratigraphic position from lowest to highest (hence 2HST2 is the second-order highstand systems tract second from the base of the Zhada Formation). Second-order lowstand systems tracts (2LST) are characterized by type A cycles arranged in a retrogradational (landward stepping of depositional settings resulting in an increase in lake and/or wetland area) stacking pattern (Fig. 6) . They are fl uvially dominated and become increasingly marshy upsection. Second-order transgressive (fl ooding) surfaces (2TS) are identifi ed by an abrupt transition to thick, profundal claystone (Fig. 8) Tibetan lakes are typically broad and shallow, and occur on low-relief plains. The lateral continuity of depositional units implies that these conditions also existed during deposition of the Zhada Formation. When transgression occurred, it would have quickly fl ooded the depositional plain, resulting in rapid retrogradation. As a result, second-order transgressive systems tracts (2TST) are thin. They are characterized by type B cycles arranged in a retrogradational stacking pattern and are capped by widespread profundal lacustrine sedimentation. Second-order highstand systems tracts (2HST) are characterized by type B cycles arranged in prograding (basinward stepping) or aggrading (no stepping pattern) stacking patterns. At the coarsest scale, the entire Zhada Formation can be seen as a fi rst-order sequence (approximately third-order sequence of Vail et al., 1977) . Tract 1LST is below the fi rst major lacustrine transgression and is composed of 2LST1 and 2TST1. Tract 1TST occurs between the fi rst major lacustrine transgression and the most widespread profundal lacustrine sedimentation (maximum fl ooding surface) and is composed of 2HST1, 2LST2, and 2TST2. Tract 1HST occurs between the most widespread maximum fl ooding surface and the top of the Zhada Formation and is composed of 2HST2, 2LST3-2HST3, and 2LST4-2HST4.
Type A and type B cycles can be correlated from stratigraphic sections spanning the entire thickness of the Zhada Formation (South Zhada and Guga sections) toward the basin margins. Sediment accumulation was greatest in the region of the South Zhada and Guga sections. However, the maximum thicknesses of fi ne-grained material were deposited to the northwest of there, in the region of the Namru Road West section. The implication is that, though relative subsidence was greatest in the region of the South Zhada and Guga sections, these were also close to the source of coarsegrained material (identifi ed in Saylor, 2008 , as both the Kailash region to the north of the basin and also the mountain ranges immediately surrounding the basin).
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Frequency Analysis of Zhada Formation Cycles
The best time control based on magnetostratigraphy in the Zhada basin is between chrons 2An (2.581 Ma) and 3n (5.23 Ma) (Lourens et al., 2004) . There are 28 type B cycles within this interval, each with an average duration of 95 k.y. Spectral analysis of both the entire series and the 5.23-3.3 interval indicates statistically signifi cant peaks at 91.7 k.y. at the 95% confi dence level and at 22.4 k.y. at the 85% confi dence level (Fig. 9A) . Harmonic analysis of the entire series reveals peaks at 91.7 ± 2, 126 ± 4, 140 ± 4, 221 ± 12, 379 ± 40, 662 ± 287, and 1330 ± 2000 k.y. at the 99% confi dence level (Fig. 9B) . However, in the analysis of the 5.23-3.3 Ma interval all of these peaks, except for B   2TS1  2MFS1  2SB2  2TS2  2MFS2  2SB3  2TS3  2MFS3  2SB4  2TS4  2MFS4   2LST1   1LST   2TST1   1TST  1TS  1MFS   2HST1   1HST   2LST2  2TST2  2HST2  2LST3  2TST3  2HST3  2LST4  2TST4 the 379 and 91.7 k.y. peaks, are suppressed (Fig.  9C ). This indicates that the suppressed peaks are likely the result of red noise due to waveform saturation at ages younger than 3.3 Ma.
-Both the entire series and the shorter interval pass Siegel's test, indicating that the record is not the result of white noise. A random time series of similar length showed no statistically signifi cant peaks and did not pass Siegel's test. Coherence analysis of the shorter interval also reveals peaks at 80 ± 13, 26 ± 1, and 18.9 ± 0.6 k.y. (Fig. 9D) .
Stable Isotopes
The X-ray diffraction analyses from 11 of 12 samples yielded only aragonite peaks ); the 12th sample was too small to yield results. The δ
18
O cc values of samples that we analyzed using X-ray diffraction ranged from −20.3‰ to +0.2‰ (VPDB).
2 2 2 2 2 2 2 2 2T T T T T TS S S S S S S2 2 2 2 2 2 2 2 2 P P P P P P P P P P P1 1 1 1 1 1 1 1 S S S S S S1 1 1 1 1 1 1 1 1 1 1 1 1/ / / / / / / / / /F F F F F F F F F F F F F2 2 2 2 2 2 2 2 2 2 2 2 2 2TS2 P1 S1/F2 Clearly identifi able trends in multiple cycles were found only in the densely sampled South Zhada section, particularly in the 250-470 m interval of the South Zhada section where we focus our discussion. (For analysis of the entire data set, see Saylor et al., 2009 .) The δ 13 C cc values of gastropods in this interval range from -3.3‰ to +2.1‰ (VPDB), and δ
O cc values are from −13.7‰ to +0.7‰ (VPDB; Table 1 ).
There are 17 type B cycles within the 250-470 m interval of the South Zhada section (Fig.  10) . Of those, eight had suffi cient sampling densities that trends in δ
O cc values should be evident. Five cycles show a clear trend of increasing δ
O cc values with stratigraphic height above the cycle boundary (Fig. 10 ). One additional cycle shows a similar, but muted, trend (Fig.  10) . The fi nal two cycles do not show any trend in δ
O cc values (Fig. 10) .
INTERPRETATION OF ZHADA FORMATION CYCLES
Zhada Formation type A and type B cycles are best interpreted as parasequences (a conformable succession of beds separated by fl ooding surfaces; Van Wagoner et al., 1988b) . Parasequences are typically thin (<20 m) and correspondingly short-lived (~100 k.y.). We conclude that facies are controlled primarily by lake or wetland expansion and contraction, which are related by the interplay of sedimentation and base-level change at the shoreline. This is most evident in type B parasequences where fl ooding surfaces are easily identifi able as the sharp basal contact of the fi ne-grained, fossil-rich, often papery interval capping a coarser-grained unit (Fig. 4B) . In type A parasequences fl ooding is probably recorded by the transition from the fl uvial association to marshy deposits of the supra-littoral association rather than by an abrupt surface as in type B parasequences (Fig. 4A) . However, type A parasequences have clearly identifi able erosive surfaces that can be correlated to subaerial exposure surfaces in type B parasequences (Figs. 4 , 5, and 6). Thus, the maximum regressive surface in both type A and type B parasequences is defi ned as the erosional surface at the base of the coarsestgrained interval, if an erosional surface is present, or at the base of the lowest sandy interval showing signs of unidirectional traction transport if no erosional surface is present. Type A parasequences occur at the base of the Zhada Formation sequences (Fig. 6) . Marshy deposits become more prominent components of type A parasequences higher in the sequences, consistent with the general retrogradational stacking pattern. The upward-fi ning textural trend, retrogradational stacking pattern, and location at the base of the Zhada Formation sequences suggest that type A parasequences represent onset of lacustrine transgression. The associated rise in the water table resulted in increased marshy conditions, although the system was still dominated by fl uvial processes (e.g., Bohacs et al., 2000) .
Type B parasequences occur in the middle to upper Zhada Formation (Fig. 6) and coarsen upward from a profundal lacustrine lithofacies association to a supralittoral or fl uvial lithofacies association. Thus, they represent progradational parasequences in a lacustrine setting. The persistence of these cycles to the top of the Zhada Formation indicates that lacustrine conditions prevailed until the onset of incision by the modern Sutlej River, despite progradation causing replacement of the fi ne-grained littoral or supra-littoral deposits by basinmargin alluvial fans.
Zhada Formation cycles obey Walther's Law. Within individual cycles, facies that are superposed occurred side by side spatially (e.g., Middleton, 1973; Posamentier and Allen, 1999) . This is consistent with sequence stratigraphy theory (Van Wagoner et al., 1988b) but contrasts with reports of non-Waltherian cycles from the Green River Formation and underfi lled lacustrine basins in the Qaidam basin and Death Valley (Yang et al., 1995; Lowenstein et al., 1998; Pietras and Carroll, 2006) .
DISCUSSION
Sequence Stratigraphic and Lithostratigraphic Correlations
The overfi lled, balanced-fi lled, and underfi lled intervals of the Zhada basin were delineated using defi nitions modifi ed from Bohacs et al. (2000) . In contrast to the evaporative facies association presented by Bohacs et al. (2000) as typical of underfi lled lake basins, evaporites are present, though not dominant within the Zhada sections. It may be argued that no sections were measured in the basin center and so the possibility exists that that is the locus of evaporite deposition. However, that is unlikely given the lateral facies continuity in the Zhada Formation and the number of measured sections close to the basin center. A more plausible explanation is that discharge into the basin by the paleo-Sutlej River was consistent and large enough that the lake rarely desiccated though surface outfl ow was minimal (e.g., Lake Naivasha; Barton et al., 1987; Duhnforth et al., 2006) .
The overfi lled interval was determined based on the prevalence of fl uvial input, indistinctly expressed parasequences (Bohacs et al., 2000) , and the dominance of sedimentary structures indicating traction transport. The overfi lled interval extends from the base of the section to 1TS (which is the same surface as 2TS1; Fig. 7) . The δ
18
O cc values from this interval are extremely negative due to the low waterresidence times associated with river throughfl ow .
The balanced fi ll interval is identifi ed by a dominantly retrogradational parasequence stacking pattern. The balanced fi ll interval is characterized primarily by the rising water table inferred from the increased prevalence of marshy intervals. Though the basin was intermittently open, fl uvial infl ux was greater than effl ux via outfl ow and evaporation and so the basin was being slowly drowned. The balanced fi ll interval extends from 1TS to 2MFS1 (Fig.  7) . The trend toward more positive δ
O cc values in this interval and the inferred increase in water residence times ) are consistent with this interpretation.
The underfi lled interval is well represented in the Zhada Formation and was identifi ed based on the occurrence of well-expressed fl ooding surfaces that separate distinct lithologies. Parasequences are well developed and record a combination of progradational and aggradational stacking patterns. Depositional geometries (fl ooding surfaces) are generally parallel or subparallel and well-expressed parasequences converge and become indistinct toward the basin center. Within parasequences, transgressive deposits are thin (<0.5 m) or absent, whereas progradational deposits are thick, well developed, and dominated by traction transport (oscillatory current ripples, climbing ripples). The underfi lled interval extends from 2MFS1 to the paleodepositional surface.
Type B parasequences occur primarily in the underfi lled portion of the Zhada basin. However, they differ from previous descriptions of underfi lled basin lithofacies (e.g., Carroll, 1998; Bohacs et al., 2000) . The primary difference is that coarse-grained facies were presented as the result of transgression by Bohacs et al. (2000) and Carroll (1998) , whereas in the Zhada basin they typically constitute the regressive portion of the parasequence. There are several reasons for interpreting coarsegrained facies as the regressive part of the cycle in the Zhada basin. Unlike the cycles presented by Bohacs et al. (2000) and Carroll (1998) , fi ne-grained, subaerial exposure surfaces do not directly underlie the coarse-grained facies. Rather, the profundal lacustrine facies coarsens upward gradually and shows evidence of traction transport, including oscillatory current ripples, throughout regression. The coarsegrained facies exhibit evidence of subaerial exposure including preferential weathering and cementation, and root traces. In addition, the coarse-grained facies are often interbedded with organic-rich siltstone and sandstone facies (lithofacies association F3) indicative of marshy wetlands, such as might occur on lake margins or between fl uvial channels. We therefore interpret the coarse-grained facies as the maximum progradation of lake-margin depositional environments (Figs. 4C, 4D , panel I). One possible explanation for the difference between type B cycles and those in the basins studied by Bohacs et al. (2000) and Carroll (1998) is that fl uctuations in infl ux were not as great in the Zhada basin, and that the Zhada basin rarely became desiccated. If water, and thus sediment, infl ux were relatively stable, regression would be marked by progradation and, during maximum regression, which marks the time when the lake has the smallest volume and is the most restricted, the relative infl uence of fl uvial input would be greatest.
The evolution of the Zhada basin followed a typical pattern from a fl uvial system to an underfi lled lacustrine basin (Fig. 11) (Bohacs et al., 2000) . However, the top of the Zhada Formation is dominated by coarse-grained, basinmargin equivalents of type B sequences. There is no change in large-scale sedimentary environment indicated prior to an abrupt truncation of the Zhada Formation by a paleodepositional plain. By implication, there was no return to a balanced fi ll or overfi lled basin type. The return to fl uvial conditions often observed was discontinuous in that it bypassed the balanced fi ll and overfi lled intervals (Fig. 11) . 
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Frequency Analysis
The two independent time-series analyses described above indicate that ~100 k.y. cycles are present in the Zhada Formation. In addition to a peak at 91.7 k.y., univariate spectral analysis reveals a peak at 22 k.y. These are within 1/2 bandwidth (6 dB bandwidth = 2.4) of the eccentricity and precession frequencies. Harmonic analysis does not reveal the 22 k.y. peak indicated by univariate analysis, but does show peaks at 91.7 and 379 k.y., both of which are consistent with the eccentricity cycle (Figs. 9B,  9C ). Coherence analysis shows coherence with both eccentricity and insolation records only at the eccentricity frequency (Fig. 9D) . The fact that both frequency analysis and an average cycle duration shows 100 k.y. cyclicity indicates that this signal is robust.
Sequences and parasequences in the Zhada Formation are either tectonic or climatic in origin. The correlation between the fi rst-order transgressive surface (Fig. 7, 1TS ) and major tectonic reorganization in the Zhada region (Saylor, 2008) points to a tectonic origin for the fi rst-order sequence. Likewise, the correlation between the fi rst second-order transgressive surface (Fig. 7, 2TS1 ) and maximum fl ooding surface (Fig. 7, 2MFS1 ) with the major tectonic reorganization and an increase in the exhumation rate on of the Leo Pargil Range, respectively, (Thiede et al., 2006; Saylor, 2008 ) also points to a tectonic origin for second-order sequences. The number and consistent and short duration of parasequences rule out a tectonic origin. Parasequences are consistent in duration with insolation-driven climate changes (fourth-order sequences of Vail et al., 1977) due to changes in the orbital characteristics of the Earth (i.e., Milankovitch cycles). If parasequences are representative of Milankovitch cycles, the driving process behind high-frequency environmental cyclicity in the Zhada basin was not tectonics. Rather, lacustrine expansion and contraction was caused by a change in the long-term precipitation to evaporation ratio. Long-term changes in the precipitation/evaporation ratio have been linked to strengthening or weakening of the monsoon due to increases or decreases, respectively, in insolation (Kutzbach, 1981; Prell and Kutzbach, 1992; Gupta et al., 2001; Shi et al., 2001; Ruddiman, 2006; Thompson et al., 2006) . Shi et al. (2001) suggested a causal link between monsoon strength and Tibetan lake expansion and, in the absence of a change in winter rainfall in Tibet, we link Zhada paleolake size to insolation-driven monsoon intensity. It is not surprising that climatically driven parasequences are most distinctly expressed in the underfi lled interval of the Zhada Formation, because during this interval the lake would be most susceptible to changes in hydrology (Kelly, 1993; Bohacs et al., 2000) .
Isotopes in Zhada Formation Cycles
Lakes respond to changes in hydrology on much shorter time scales than do oceans because they have much smaller water and sediment volumes (see Kelts, 1988; Sladen, 1994; Bohacs et al., 2000) . In addition, in lacustrine settings the relative proportions of water infl ux and effl ux (usually climatically driven) and movement on faults (tectonically driven) are both primary controllers of systems tracts. Sediment supply is linked to water infl ux. This creates the paradoxical situation where the infl ux of water and lake volume can be high, and yet lake volume can be decreasing (net evaporation > net infl ux; Figs. 4C, 4D ).
Water and sediment infl ux are thus decoupled from base-level changes but are primary controllers of shoreline trajectory, and therefore parasequence evolution. Lithofacies distribution and thus lithologic stacking patterns appear to be controlled primarily by the location of the shoreline and so are also decoupled from lake volume. This means that parasequence fl ooding surfaces correspond to lake expansion due to a drop in the evaporation/precipitation ratio. Thus, the lowest δ
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O cc values of aquatic gastropods and, implicitly, of the lake water, are found at the fl ooding surface, even though the coarsest material is associated with maximum regression (Fig. 12) . Particularly when the basin was underfi lled, the highest isotopic values occur at the time of maximum regression (Figs. 4D and 10) . This apparent discrepancy can be accounted for by understanding that though water and sediment infl ux were both relatively high and stable, climatically driven evaporation/precipitation controlled lake level and thus the δ
O sw value of lake water. When effl ux was greater than infl ux, the δ
O sw value increased, the lake shrank, and the coarse-grained material was carried further into the basin (Fig. 4C, panel  I) . Conversely, when infl ux was greater than effl ux, the δ
O sw value decreased, the lake grew, and the coarse-grained material was trapped at the basin margins (Fig. 4C, panel II) .
The foregoing discussion indicates that the primary control of δ 13 C sw and δ
O sw values was volume-weighted average water residence time. Just prior to fl ooding, when lake volume was small, the average water residence time, and hence δ 13 C sw and δ
O sw values, was signifi cantly altered by addition of a small volume of water. However, after signifi cant fl ooding, the lake was suffi ciently large and the water suffi ciently evolved that the continued input of water during fl ooding had only a minor effect on average water residence time. Though the discussion here refers primarily to individual parasequences, the effect may span several parasequences and point to climatic control at multiple frequencies (Fig. 10) .
The correlation between low δ
O sw values and fl ooding described here is confi rmed in the modern analog of Kungyu Co. Water samples collected on 25 July, 2006, from the lake and from the sole river fl owing into the lake had δ
O values of −14.8‰ and −15.6‰ (VSMOW), respectively. Stranded shorelines with aquatic grasses and evaporites on the lake margins showed that the lake was recently at higher levels. The samples were collected at the start of the monsoon season and the interpretation is that the lake level had fallen to extremely low levels and was now in the process of refi lling ( Fig. 4D ; black star denotes the interpreted location of Kungyu Co within the fi lling and/or emptying cycle at the time of sampling).
Basin History
Combining the observations made above with previous studies (Saylor, 2008; points to the following basin history. Through arc-parallel extension, a sill was created that caused ponding of the river, leading to deposition of the lowest strata of the Zhada Formation. The accumulating sediment onlapped the preexisting Tethyan sequence topography, forming the observed buttress or angular unconformities. The ancestral Sutlej River continued to fl ow from its source, increasing the sediment pile. The exhumation rate of the Leo Pargil-Qusum Range to the northwest of the Zhada basin between 10 and 5.6 Ma was the same as the sediment accumulation rate in the Zhada basin (Thiede et al., 2006; Saylor, 2008) , indicating that the uplifting range may have acted as a sill. After 5.6 Ma both the exhumation rate and the sediment accumulation rate increased, the basin became closed, and lacustrine sedimentation commenced. These conditions continued, despite progradation of basin-margin alluvial fans, until a new sill was eventually breached after 1 Ma. At this point, the system abruptly returned to fl uvial conditions and began incising through the Zhada Formation. The sudden return to fl uvial conditions via the integration of the modern Sutlej River system truncated the typical basin evolution pattern described by Bohacs et al. (2000) .
Global Climate Change and Its Impact on the Southern Tibetan Plateau
Numerous authors have reported 100 and 400 k.y. cycles in the Miocene (Van Wagoner et al., 1988a; Kashiwaya et al., 2001; Zachos et al., 2001; Di Celma and Cantalamessa, 2007; Holbourn et al., 2007) , although none from high elevations such as the Tibetan Plateau. The Zhada basin therefore presents an excellent opportunity to study high-frequency climatically driven environmental change at high elevations in the Miocene-Pleistocene. Expansion and contraction of lakes and wetlands have been linked to variability in the strength of the Indian monsoon (Shi et al., 2001 ). The Quaternary monsoon is thought to be modulated by orbital cyclicity (Clemens et al., 1991; Prell and Kutzbach, 1992; Jian et al., 2001; Wang et al., 2005; Nie et al., 2008; Y. Wang et al., 2008b) , though there is disagreement about which frequencies are dominant (Clemens and Prell, 2003; Nakagawa et al., 2008) . Data from this study support previous work indicating that the monsoon has long varied at eccentricity frequencies (Dupont-Nivet et al., 2007) .
We turn next to another challenge presented by the Zhada basin, i.e., the explanation of the fl oral and faunal changes observed within the Zhada Formation and between the Late Miocene and the present. The Zhada basin contained a host of plants that are typically thought of as native to warm, humid, and, as inferred by some, low-elevation climates Zhou, 2001a, 2001b; Zhu et al., 2004 Zhu et al., , 2007 . In addition, a broad cross section of mammal megafauna lived in the Zhada basin area, including Hipparion zandaense, Nyctereutes, Palaeotragus microdon, and rhinoceri that have variously been identifi ed as Hyracodon or Dicerorhinus (Liu, 1981b; Zhang et al., 1981; X. Wang, 2006, personal commun.; E. Lindsay, 2006, personal commun.; Li and Li, 1990; Meng et al., 2004) . This is in striking contrast to the basin today, in which the only large mammalian fauna are the kiang (Tibetan wild asses) and extremely rare chiru (small, long-horned antelope).
The recognition of Milankovitch cycles in the Zhada Formation indicates that insolationdriven global or regional climate change drove environmental changes in basins at high elevations on the southern Tibetan Plateau. Thus, we can reasonably expect that fl oral and faunal communities on the Tibetan Plateau would also have responded to global climate change. The shift from C 3 -dominated forests to mixed C 3 and C 4 or C 4 -dominated grasslands observed in the Zhada basin (Zhang et al., 1981; Zhu et al., 2006 Zhu et al., , 2007 Yu et al., 2007; Saylor et al., 2009) was not the result of basin uplift, because an identical change is observed in low-elevation deposits in nearby northern India. Further, analysis of oxygen isotopes from aquatic gastropod shells from the Zhada Formation indicates a probable decrease in elevation of the basin since the Late Miocene . A more likely scenario is that a regional or global climatic change affected both low-and highelevation environments and favored a shift from forest to grassland.
A possible scenario is that the vegetation shift began at high elevations due to a global or regional climate change. Suggested factors include the onset of rapidly decreasing global temperatures in the latest Miocene-Pliocene (Zachos et al., 2001) or increased monsoon intensity (Kroon et al., 1991) and associated increased aridity and seasonality of precipitation Garzione et al., 2003; Molnar, 2005) . Increased warm-season precipitation and increased aridity favor C 4 grasses . As is thought to be the case in the foreland, the fl oral shift was accompanied by faunal change at high elevations.
The possibility remains that these climate changes were driven by expansion of the region of high elevations, particularly on the northern and eastern margins of the Tibetan Plateau (e.g., An et al., 2001 ). However, any such models must take into consideration long-lived high elevations in the southern and central Tibetan Plateau (Garzione et al., 2000a; Rowley et al., 2001; Currie et al., 2005; Cyr et al., 2005; Rowley and Currie, 2006; DeCelles et al., 2007; Dupont-Nivet et al., 2008; Saylor et al., 2009) . 2. Sedimentology and sequence stratigraphic analysis indicate that the Zhada basin evolved from a fl uvial system to an overfi lled basin. The overfi lled basin was marked by a broad depositional plain dominated by wetlands bordering a large braided river. From there, the basin evolved sequentially to a balanced fi ll basin and an underfi lled basin. The fi nal stage was marked by open lacustrine conditions, which give way to prograding basin-margin alluvial fans. The typical regression through the basin-type sequence was bypassed by an abrupt return to fl uvial conditions. This agrees with overtopping of a basin sill and integration of the modern Sutlej drainage network (Brookfi eld, 1998; Saylor, 2008) .
3. Two orders of sequences are recognized in the Zhada basin in addition to the parasequences mentioned herein. The fi rst-order sequence is the result of tectonically created accommodation and infi lling; the second-order sequences are of ambiguous origin but may be linked to continued fault movement.
4. Where best expressed and dated, parasequences have an average duration of ~92 k.y. and are likely the result of climatic changes associated with Milankovitch cycles. This is the fi rst time that 100 k.y. cycles have been reported for Late Miocene-Pliocene deposits on the Tibetan Plateau and presents an unparalleled opportunity to study high-frequency climate change at high elevations.
5. Within parasequences, the lowest δ
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O cc values and, by implication, the lowest δ
O values of Zhada paleolake water, are associated with fl ooding. From the fl ooding surface through maximum regression, δ
O cc values increase. This trend is the result of low evaporation/ precipitation ratios during fl ooding and the associated increase in lake volume and decrease in volume weighted average water residence time.
6. The data presented in this paper are consistent with a tectonic origin of the Zhada basin. Possible tectonic originating causes include crustal thinning or tectonic damming due to arcparallel extension.
7. It is likely that regional or global climate change, rather than basin uplift, was the cause of the observed fl oral and faunal turnover in the Zhada basin. The turnover, marked by decreased arboreal pollen in favor of shrub and grass pollen and a decline in the megafaunal populations, is similar in age and character to that observed in other basins on and surrounding the Tibetan Plateau. In the Himalayan foreland and elsewhere, the turnover is attributed to regional or global climate change. Though the introduction of C 4 vegetation had previously been documented on the southern Tibetan Plateau, the large-scale change from forest to grassland and the accompanying change in fauna observed in the low-elevation Siwalik Group had not been extrapolated to high elevations.
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